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source to^graWly de.ec’tL "^Doppler Hacking” taTtha, they alter 

« lhC D r le eV S f a, A a "ldel S of“e ESJSTS u.M^acWeve 

2T7oa.s e e The Ct ievels "of we, and dry fluctuations for a a, ? P« 

through the atmosphere are estimated to be approximately 4 x 10 and 
9 x 10“ 13 sec/sec for 20 degree elevations at 1,000 seconds. At 
degree elevations intended for the gravity wave expenmen, , the wet and 
dry fluctuation levels are approximately 2 x 1<>-* 4 sec/sec and 6 x 10 
sec/sec a, 1.000 seconds, respectively. Four P°‘ ,b ' “v and 

reducing the fluctuation effect are suggested. 1) observation 
analysis 8 strategies, which separate the atmospheric and gravi y 
signatures;* 2) g water vapor radiometry for the Tnd J 
calibration using Global Positioning System (GPS) satellites, ana j 
DoDDler observations from multiple antennas to average fluctuat 
effects The last two techniques could be used to calibrate both wet and 

5 Actuations, or could be used in conjunction w.th water npor 

radiometry to calibrate only the dry compone • technique 

combining water vapor radiometry and the propose 

could reduce the total 1,000 second fluctuation effect to approximate y 

6 x 10~ 15 sec/sec at 20 degree elevations, or 2 x 10 sec/sec at eg 

elevations. 

I. APPROACH 

Fluctuations in the refractivity a, microwave frequences are an important 
ondispersive error source for Doppler tracking gravijy "jave ^P^ rjc fluctua i ion 

ST-’ used ,o 

r radiomemr ^V^me_. the 
rodel for wet fluctuations has agreed with j y o f the model to 

rrr i 

sr zss. z s: 

u2m e ed' h do Tofspat £' « pities, L are discussed to establish the 

cvel to which the fluctuations might be removed. 
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II. THE LEVEL OF UNCALIBRATED TROPOSPHERIC FLUCTUATION 

as welT^M eS J 5 nmp e nf It* ““S? USCd \° evaIuale the level of tropospheric fluctuations 

as well a s some of the calibration alternatives is found in Fig. 1. Wet or drv 

irregularities are envisioned as being frozen and blown across a site by 

the wind. Propagation delay statistics are obtained by integrating refractivitv 
statistics over the geometry of the raypaths through the atmosphere. It is importam 
to realize that temporal fluctuations, over a time interval T, are caused by spatial 

fluctuations of dimension V x T where V is the wind speed. y P 

Fia o Ty fh al A t U n n Stan . dard devia ti°ns from the model for DSN sites are shown in 

1 g rm H a | he We L flU | Ct r tIO n W3S norma,lzed b y assuming an 8 m/sec wind speed and a 
1 cm dafly zenith delay fluctuation. With the caveats noted in Section I, the dry 

. n° n W3 - S norma lized b y assuming an 8 m/sec wind speed and a 3 mm daily 
zenith fluctuation. This daily fluctuation level was derived from a very limited set of 
barometric pressure data and should be more extensively studied. As can be seen in 
the figure, which represents a calculation for 20 degree elevations, the single-path 
fluctuation level is 4 x 10-14 sec/sec and 9 x 10 -l 5 sec/sec for the wet 

components respectively at 1,000 seconds. At 40 degree elevations, the wet and d!? 

1,000 second Allan standard deviations are 2 x 10" 1 4 sec/sec and 6 x 10~15 sec /sec 

[ eSpeC y ' , v T hl * avera ?f DSN va,ue is roughly 1.8 times that derived from Very 

The g HiffI ray (VLA) d K ata K, ' f , the same wind speed is used (Armstrong and Sramek 1982* 

The difference is probably due to the higher altitude of the VLA site. 

III. METHODS FOR REDUCING THE EFFECT OF TROPOSPHERIC FLUCTUATIONS 

One possibility for reducing the effect of tropospheric fluctuations is to design 

from° the Va ar 0 a n T° r a " aIyS1S S,r3tegy WhiCh Ca " se P aratc the tropospheric signature 
from the gravity wave signature. In the Treuhaft and Lanyi (1987) reference 

fliT TeS *t?r S f ^ ^ ^ tatlst,cal P ro Perties of tropospheric fluctuations are given If 

the statistics of the gravity wave signature are significantly different an 

f SeqUCnCe and/or P aram eter estimation filter can be designed to estimate 
!nnr! h ° f ^"a W3VC and tro Pospheric signature. A simple example of this 

(Wahlauist *1987 * WAMn 'T «h° f S ™ Vit \ waves from binar y stars or black holes 
(Wahlquist 1987, Wahlquist this volume). In that case, the periodic signature of the 

fhe signT* C3n eXtr3Cted ^ ° bservin ^ for ,on g P eriods time and averaging 

If the signature of the gravity wave is unknown or highly correlated with the 
tropospheric signature (t.e., if the gravity wave and troposphere have similar power 
spectra), external calibration techniques should be considered. The most obvious 

of WVR Cahbratl0n tech mque is water vapor radiometry. While theoretical estimates 
y ™ VR . P er f ormance indicate that the Allan standard deviation of fluctuations can be 
calibrated to 1 x 10 6 sec/sec for 1,000 second intervals, the data which demonstrate 

M lty n are SCarce ' WVR data were successful in calibrating Very Large Array 

[n th P D ase l fluct r ,0ns f0r SOme the data sets examin ed (Resch et al. 1984). But 
C a C if Cb re f ere nce, there were times when the application of WVR data 

WVR^enlh 6 P . haSe res !, dua, - | Recent com P aris ons of VLBI data (Herring 1988) to 
WVR zenith estimates show low frequency discrepancies on the order of 1 to 2 cm 

Similar conclusions can be drawn from GPS data (Tralli et al. 1988) It may be 

necessary to understand the nature of these discrepancies and how they apply to 

fluctuation calibration. In short, although WVRs seem promising, a data bale 
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showing consistent reduction of VLBI or Doppler residuals by applying WVR 

calibrations is missing. 

Another possibility for calibration of both wet and dry fluctuations is using 
GPS satellite path delays along lines of sight close to that of the spacecraft. It W J. e 
assumed that GPS geometric, ionospheric, and instrumental effects are perfectly 

calibrated and that tropospheric fluctuations are the only source of residual delay 
error. The degree to which this assumption applies must be investigated. From the 
schematic picture of Fig. 1, one expects that, as two lines of sight get farther apart, 
the time scales on which they will have substantial correlation will get longer. lhat 

is if, during their traversal of the troposphere, the average distance between a GPb 

raypath and that of a spacecraft is d, then there will be differential cancelling 
between the delays of each signal for time scales greater than d/v where v is the 
wind speed. Fig. 3 shows the model calculation for the difference between spacecraft 

and GPS delay rates induced by the dry troposphere. The delay rate for the 
tropospheric power spectrum is about 20% higher than the Allan standard deviation. 

The figure shows the total rate and the differenced rate for 20 degree and 40 degree 

elevations. It was assumed that the GPS satellite was 20 degrees in azimuth from the 
spacecraft line of sight, at the same elevation. It can be seen that for longer time 

scales, there is indeed differential cancelling between the GPS and spacecraft lines of 

sight ’ In particular, for 20 degree and 40 degree elevations, the dry fluctuation can 
be reduced to the level of 6 x lO" 15 sec/sec and 2 x 10- 15 sec/sec respectively. Data 
from GPS satellites and VLBI or Doppler experiments would be necessary to test this 

approach. 

A third instrumental possibility is to use multiple receiving antennas 

separated by distances greater than the wind speed times the time scale of interest. 
For example, to reduce the fluctuation on time scales greater than 1,000 seconds, 
antennas separated by more than 8 km must be used. The fluctuation effect in the 
average of all the Doppler signals would be reduced relative to that in a single 

antenna by approximately 1/V N where N is the number of antennas used. If. f° r 

example, 2 to 3 antennas at Goldstone were used with 4 to 5 antennas at the VLA, a 

factor of 2 to 3 reduction in fluctuation error might be realized. 

IV. SUMMARY 

The levels of wet and dry tropospheric fluctuations have been estimated with 
the aid of a fluctuation model. The single-path wet fluctuation signatures at 20 

degrees and 40 degrees elevation are 4 x 10~ 14 sec/sec and 2 x 10 sec/sec 
respectively, for 1,000 second intervals. The dry signatures are 9 x lO" 15 sec/sec and 
6 x 10 -15 sec/sec. The wet signatures are of the order of the plasma contribution to 
the gravity wave detection error budget for Galileo experiments ( e.g ., Armstrong this 

volume and references therein), but both wet and dry contributions will have to be 

addressed for potential K-band experiments. 

Methods for reducing the contribution of atmospheric fluctuations in the 
Doppler data include observation and analysis techniques, water vapor radiometry, 
GPS tropospheric monitoring, and observations with multiple antenna systems. The 
level of remaining 1,000 second dry fluctuations using GPS calibration along a line of 
sight 20 degrees from the Doppler spacecraft was estimated to be 6 x 10~ 15 sec/sec and 
2 x 10“ 15 sec/sec for 20 degree and 40 degree elevations. It was assumed that WVRs 
could calibrate the 1,000 second wet fluctuation to approximately 1 x 10-16 sec/sec. 
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This assertion must be validated with data. The GPS technique for tropospheric 
calibration must also be tested. What is suggested, in this paper, is that it may be 
possible to reduce the total fluctuation effect to the levels quoted. Experiments are 
required to justify choosing one calibration scenario and adopting it for gravity 
wave Doppler experiments. Other possibilities such as barometric arrays for 
calibrating the dry component should also be investigated. 
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FIG 1 - Schematic picture of the frozen flow model. The pamhes 
^posUic refractivity P blown across a site with wmd speed v. The 
of the wet and dry tropospheres are indicated. 


represent inhomogeneities in 
km and 8 km scale heights 



Fig. 2 — The model Allan standard deviation of the wet and dry tropospheres at 20 

degrees elevation. 
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Fig. 3 — The model delay rate spectrum of the uncalibrated dry troposphere, and of the difference 
of the dry signature between the spacecraft and GPS lines of sight separated by 20 degrees in 
azimuth. The solid curves are for 20 degrees elevation and the dashed curves are for 40 degrees 
elevation. 
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DISCUSSION 


BERTOTTI- You have mentioned the importance of correlating Doppler measurements 
at two different sites to reduce the tropospheric noise. I wish to rep0 ^ af on ^ be 

-xoeriment that will take place next month: the two Voyager spacecrafts 

tracked from Madrid (up and down) and from the VLBI station in Bologna, Ita y 
SSS fT eight passes The correlalion between the two Doppler s, goals w.ll be 

measured. 

SHAPIRO* Another method for troposphere calibration that would "work" (at a 
"useful" level) was conceived about two decades ago in the VLBI context. Horizontal 
arrays of long vertical tethers w/balloons at "well-spaced" vertical intervals on each 
tether with g each balloon instrument to measure relevant variables (temperature 
relative humidity, pressure). This solution is, of course, horrendously expensive and 

would also pose a hazard to aircraft. 

MALEKI- Do you mean that dispersion in the troposphere is identically zero at 

microwave wavelengths or is i. too small to measure. If your answer is the latter, 
could you say how small it is? 

TREUHAFT- I do not know the exact dispersion effect at X-band for water vapor. I 

believe it is a few orders of magnitude below 1 mm of delay. It should be chec e . 
(Shapiro agreed with this qualitative assessment). 

MATZNER- I'd like to point out that there is another method to probe the troposphere 
This is atmospheric SONAR . This technique samples the lower few hundred meters of 
the atmosphere It is being used, for instance, at Bell Laboratories to understand 

radio propagation through the atmosphere. Since the SONAR is responsive to density 

inhomogenefty 1 , 0 it presumably provides information in a linear combination of wet 

and dry contributions. 

TREUHAFT: We would need density inhomogeneity information for altitudes greater 

than a few 100 meters, but SONAR is worth investigating. I should point out that 
gravity wave ^experiments at K-band will require extremely high precision 

fropospheric monitoring. So any technique which might work must be scrutim e 
for its ultimate accuracy, which would have to be at about 10' 16 sec/sec at 1000 
seconds to be useful. 
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